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PREFACE 

The  work  reported  herein  was  conducted  by  the  Arnold  Engineering  Development 
Center  (AEDC),  Air  Force  Systems  Command  (AFSC),  for  the  Directorate  of  Test 
Engineering  Research  (AEDC/DOTR),  under  Program  Element  65807F.  The  test  was 
conducted  by  ARO,  Inc.,  AEDC  Division  (a  Sverdrup  Corporation  Company),  operating 
contractor  for  the  AEDC,  AFSC,  Arnold  Air  Force  Station,  Tennessee,  under  ARO  Project 
Number  P41T-J9A  in  support  of  Research  Project  Number  P32P-H0A.  The  manuscript 
(ARO  Control  No.  ARO-PWT-TR-77-69)  was  submitted  for  publication  on  October  14, 
1977. 
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1.0  INTRODUCTION 

The  present  generation  of  high  performance  variable  nozzle  aircraft  has  resulted  in 
the  need  to  more  accurately  define  the  drag  characteristics  of  the  aircraft  aft-fuselage  and 
nozzle  regions.  Typically,  the  afterbody  region  of  aircraft  models  must  be  modified  to 
accommodate  a sting  for  basic  aerodynamic  testing  in  the  wind  tunnel.  Drag  increments 
from  such  altered  aerodynamic  models  and  throttle-dependent  increments  may  be  quite 
significant  in  terms  of  the  overall  drag  of  the  aircraft  and  are  the  two  basic  reasons  for 
conducting  what  are  typically  referred  to  as  nozzle-afterbody  tests. 

One  of  the  problems  frequently  encountered  in  the  conduct  of  such  tests  is  the 
model  support  system  interference.  In  the  past,  the  most  common  practice  has  been  to 
support  the  aircraft  model  in  the  forward  fuselage  region  by  a strut  and  to  use 
compressed  air  for  simulation  of  the  engine  exhaust  plume.  Interference  effects  from  such 
a support  system  can  introduce  significant  errors  in  the  measured  values  of  the  aircraft 
afterbody  drag,  typically  similar  to  the  results  shown  in  Refs.  1 and  2.  These  errors, 
which  vary  with  Mach  number  and  configuration,  could  result  in  misleading  conclusions 
when  aircraft  afterbody  drag  is  evaluated  to  determine  optimum  afterbody  configurations. 
The  concept  of  supporting  a model  with  a sting  extending  into  the  engine  exhaust  nozzle 
and  simulating  the  exhaust  jet  with  an  annular  jet  becomes  particularly  attractive  for 
minimizing  support  system  interference.  This  is  particularly  true  if  proper  exhaust  plume 
simulation  can  be  obtained.  This  general  concept  has  been  tried,  and  several  reports  are 
available  in  the  literature  for  both  the  solid  plume  simulators  (e.g.,  Refs.  1,3,  and  4)  and 
the  annular  jet  concept.  The  annular  jet  data  (Refs.  5,  6,  and  7)  have,  in  general,  been 
limited  in  terms  of  geometric  variables  and  to  a certain  extent  in  terms  of  test  conditions 
investigated. 

The  experimental  results  reported  herein  were  obtained  during  a parametric  study  of 
engine  exhaust  nozzle  area  ratio  and  sting-to-nozzle  exit  diameter  ratio,  geometric 
parameters  which  are  frequently  encountered  when  the  annular  jet  problem  is  considered. 
The  purpose  of  this  investigation  was  to  evaluate  correlation  parameters  which  could  be 
used  to  duplicate  the  afterbody  pressure  drag  of  a model  having  conventional  axisymmetric 
nozzle  exhaust  flow  using  a sting-supported  model  having  annular  nozzle  exhaust  flow. 

2.0  APPARATUS 


2.1  TEST  FACILITY 

The  investigation  was  conducted  in  the  16-foot  Transonic  Wind  Tunnel  (16T)  of  the 
Propulsion  Wind  Tunnel  Facility  (PWT)  at  the  Arnold  Engineering  Development  Center 
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(AEDC).  Tunnel  16T  is  a closed-circuit,  continuous  flow  wind  tunnel  capable  of  being 
operated  at  Mach  numbers  from  0.20  to  1.60  within  a stagnation  pressure  range  from 
approximately  200  to  3,400  psfa,  depending  upon  the  Mach  number.  A more  extensive 
description  of  the  tunnel  and  its  operating  characteristics  is  contained  in  Ref.  8. 

2.2  MODEL  AND  SUPPORT  SYSTEM 

A sketch  of  the  test  installation  is  presented  in  Fig.  1.  The  model  consisted  of  a 
strut-supported  cylindrical  centerbody  with  a conical  nose  and  a 15-deg  boattailed 
afterbody.  The  model  had  an  overall  length  of  approximately  147  in.,  a maximum 
diameter  of  9.86  in.,  and  a 14-deg  half-angle  conical  nose.  The  support  strut  was  tapered 
from  the  model  to  the  floor  with  the  thickness-to-chord  ratio  varying  from  0.053  at  the 
model  to  0.088  at  the  tunnel  floor;  the  strut  swept  aft  from  the  model  at  an  average 
angle  of  35  deg.  A photograph  of  the  installation  is  shown  in  Fig.  2,  and  a sketch  of  the 
afterbody  contour  with  tabulated  values  for  the  external  surface  coordinates  is  presented 
in  Fig.  3. 

The  general  arrangement  of  the  internal  portion  of  the  model  with  a dummy  sting 
installed  is  illustrated  in  Fig.  4.  High  pressure  air  was  ducted  through  the  strut  into  the 
flow  duct  of  the  model.  The  dummy  stings  were  threaded  on  the  upstream  end  and 
attached  to  the  sting  support  bracket  in  the  flow  duct;  additional  support  for  each 
dummy  sting  was  provided  by  a slip  fit  through  the  center  of  the  choke  plate.  For 
obtaining  conventional  jet  data  the  stings  were  removed,  and  a perforated  filler  plug  was 
installed  in  the  choke  plate. 

Eleven  nozzles  (shown  in  Fig.  5)  were  used  to  obtain  the  various  nozzle  area  ratios 
with  the  different  dummy  stings.  To  facilitate  nozzle  changes,  the  model  was  designed  for 
changing  nozzles  through  the  flow  duct  exit  without  removing  the  afterbody  aijd  aft 
portion  of  the  flow  duct.  This  required  the  use  of  segmented  nozzle  holders,  as  shown  in 
Fig.  5.  Three  sets  of  holders  were  built  to  accommodate  the  various  sizes  of  nozzles 
required.  All  nozzles  had  a divergence  half  angle  of  5 deg,  with  the  exception  of  the 
nozzle  used  for  area  ratio  1.0  data,  nozzle  12,  which  was  designed  for  parallel  flow  at. 
the  exit.  A photograph  showing  the  six  segments  which  comprise  each  nozzle  holder  and 
the  nozzles  which  were  used  with  each  holder  is  presented  in  Fig.  6.  A dimensional 
sketch  of  the  dummy  stings  is  shown  in  Fig.  7,  and  a photograph  of  the  four  stings  is 
shown  in  Fig.  8.  A photograph  of  the  aft  portion  of  the  model  with  a sting  installed  is 
presented  in  Fig.  9. 

The  following  matrix  illustrates  the  combination  of  nominal  nozzle  area  ratios, 
sting-to-nozzle  exit  diameter  ratios,  and  Mach  numbers  for  which  data  were  obtained. 
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This  matrix  permits  evaluating  the  effects  of  sting-to-nozzle  exit  diameter  ratio  at  a 

constant  area  ratio  and  determining  the  effects  of  nozzle  area  ratio  at  constant 

■/ 

sting-to-nozzle  exit  diameter  ratio. 

2.3  INSTRUMENTATION 

The  afterbody  section  of  the  model  was  instrumented  with  65  pressure  orifices  in 
rows  .along  the  top,  side,  and  lower  surfaces  of  the  model.  Coordinates  of  each  pressure 
orifice  are  presented  in  Table  1.  Model  chamber  pressure  was  determined  from  four  static 
pressure  taps  in  the  flow  duct  at  MS  133.45.  Mass  flow  rates  of  the  air  exhaust  were 
calculated  from  pressure  and  temperature  measurements  in  a critical  flow  venturi 
metering  section  located  in  the  facility  piping  system.  Two  of  the  stings  (A  and  C)  were 
instrumented  with  24  pressure  taps,  as  shown  in  Fig.  7.  These  were  connected  for 
selected  configurations  with  the  pressure  tubing  extending  from  the  end  of  the  sting  and 
supported  by  a 1/4-in.  cable  which  spanned  the  tunnel  vertically  as  shown  in  the 
photograph  in  Fig.  10.  Model  angle  of  attack  was  determined  from  a strain-gage  angular 
position  indicator. 


3.0  PROCEDURE 


3.1  TEST  CONDITIONS 

Data  were  obtained  at  free-stream  Mach  numbers  of  0.6,  0.9,  and  1.2.  The  nominal 
free-stream  Reynolds  number  was  2.0  x 106  per  foot.  Angle  of  attack  was  varied  from 
-2.0  to  6.0  deg  for  selected  configurations  with  nozzle  flow  at  design  pressure  ratio.  The 
nozzle  pressure  ratio  was  varied  for  all  configurations  at  zero  angle  of  attack. 

3.2  TEST  TECHNIQUE 

The  primary  testing  technique  for  a given  geometric  configuration  consisted  of 
obtaining  data  as  a function  of  nozzle  exit  static-to-tunnel  free-stream  static  pressure  ratio 
(NSPR).  The  parameter  NSPR  was  displayed  in  real  time  to  ensure  recording  data  at  the 
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desired  nozzle  pressure  ratios.  In  general,  data  were  recorded  for  the  pressure  ratio  range 
from  jet-off  to  a value  in  excess  of  twice  the  nozzle  design  pressure  ratio.  When  time 
permitted,  data  were  recorded  at  several  nozzle  pressure  ratios  in  the  region  between  jet-off 
and  design  pressure  ratio,  where  afterbody  drag  changes  are  generally  large.  For  selected 
configurations,  data  were  recorded  in  2-deg  increments  over  the  angle-of-attack  range,  -2  to 
6 deg,  with  the  nozzle  operating  at  design  pressure  ratio.  Schlieren  photographs  were  taken 
at  five  points  spanning  the  NSPR  range  for  each  configuration. 

3.3  DATA  REDUCTION 

Pressure  coefficients  were  calculated  from  the  static  pressure  measured  at  each 
orifice  on  the  afterbody  in  addition  to  those  on  the  sting.  The  pressure  distributions  for 
each  of  the  three  rows  (see  Table  1)  on  the  boattail  were  integrated,  on  the  assumption 
that  the  pressure  along  each  row  was  imposed  over  the  entire  boattail  projected  area, 
independent  of  the  remaining  two  rows.  Therefore,  a pressure  drag  coefficient  was 
calculated  based  on  the  measurements  on  each  of  the  top,  side  and  bottom  rows.  The 
reference  area  for  the  drag  coefficients  was  the  model  maximum  cross-sectional  area 
(76.062  in.2).  Drag  coellicients  from  the  top  row  ot  pressures,  CDPT,  are  used  exclusively 
in  this  report.  The  top  row  of  orifices  was  selected  because  it  is  considered  to  be  the  least 
affected  by  the  strut  at  subsonic  Mach  numbers.  Also,  it  was  shown  in  Ref.  9 that  data  along 
the  top  and  bottom  rows  of  a configuration  similar  to  the  present  one  were  correlated 
equally  well.  The  nozzle  total  pressure  was  calculated  from  one-dimensional,  isentropic 
relationships  using  flow  duct  static  pressure  and  the  area  ratio  between  the  flow  duct  and 
the  nozzle  throat. 

3.4  UNCERTAINTY  OF  MEASUREMENTS 

The  uncertainty  of  the  major  test  parameters  is  tabulated  below.  The  uncertainty  in 
these  parameters  includes  the  uncertainties  in  the  individual  pressure  transducers  and  in 
the  tunnel  reference  systems.  Uncertainty  is  defined  as 


U - ±(B  + to. 9 s S) 


where  B is  the  bias  and  S is  the  precision,  and  to  .95  is  a function  of  the  number  of  samples 
utilized  in  the  calibration  of  a given  instrument.  For  these  results  a value  of  2 was  used  for 
to.95.  For  each  test  parameter,  values  of  bias  and  precision  were  determined  from 
propagating  errors  from  each  source  by  the  Taylor  series  method. 
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Mach  Number 


Parameter 

0.6 

0.9 

1.2 

/ CDPT 

±0.0014 

±0. 0007 

±0.0049 

'C  (Boattail) 

/ P 

±0.018 

±0.013 

±0.009 

/ Cp  (Sting) 

±0.076 

±0.021 

±0.009 

7npr 

±0.021 

±0.032 

±0.047 

/NSPR 

±0.006 

±0.008 

±0.013 

It  is  evident  from  the  preceding  tabulation  that  there  is  considerable  variation  in  the 
calculated  uncertainty  of  CDPT  with  Mach  number,  using  the  propagation  of  error 
techniques.  The  uncertainty  for  Mach  number  1.2  is  significantly  higher  than  the 
uncertainties  for  the  subsonic  Mach  numbers  and  is  larger  than  would  be  expected  from  the 
trends  in  the  data.  A comparison  of  repeat  points  revealed  that  data  repeatability  was  similar 
at  each  Mach  number,  with  an  average  spread  of  0.001 2 in  CDPT  between  two  data  points  at 
the  same  condition.  The  maximum  spread  in  drag  coefficient  of  any  one  repeated  condition 
was  0.0034.  In  a comparison  of  data  from  various  configurations  for  a given  test  installation 
using  the  same  instrumentation,  data  repeatability  is  believed  to  be  of  more  practical 
interest.  Therefore,  the  repeatability  given  here  for  CDPT  is  believed  to  represent  a more 
realistic  uncertainty  than  do  those  numbers  calculated  from  conventional  propagation  of 
error  techniques.  " 

4.0  EXPERIMENTAL  RESULTS 

In  general,  the  text  of  this  report  contains  only  the  afterbody  drag  coefficients 
obtained  from  integrating  the  measured  pressures  on  the  top  row  of  orifices.  Presentation 
of  the  pressure  distributions  from  each  data  point  included  would  be  too  bulky  to 
include  in  the  report;  however,  selected  pressure  distributions  illustrating  the  various 
effects  discussed  in  the  report  are  presented  in  Appendix  A.  As  stated  previously,  the 
afterbody  pressure  drag  coefficients  were  nondimensionalized  by  model  maximum 
cross-sectional  area.  Since  aircraft  drag  data  are  usually  nondimensionalized  by  wing  area, 
which  is  generally  approximately  fifteen  times  fuselage  cross-sectional  area  for 
fighter-type  aircraft,  it  requires  approximately  15  of  these  "body"  drag  counts  (0.0015  in 
CDPT)  to  equal  a typical  aircraft  drag  count  (0.0001).  Except  where  specifically  noted 
on  the  figures,  all  the  results  presented  were  obtained  at  zero  angle  of  attack. 

For  each  configuration  and  Mach  number  investigated,  data  were  obtained  over  the 
NPR  range  from  jet-off  to  over  twice  the  design  pressure  ratio  (NSPR  > 2.0).  The 
maximum  NSPR  obtained  depended  somewhat  upon  configuration  and  Mach  number.  A 
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typical  variation  of  afterbody  pressure  drag  with  nozzle  pressure  ratio  (NPR)  for  a 
conventional  jet  configuration  is  presented  in  Fig.  11.  Although  the  shape  of  the  curve 
may  vary  with  configuration  and  Mach  number,  this  figure  is  presented  to  illustrate  the 
different  regions  of  the  curve  since  reference  will  be  made  to  them  in  the  subsequent 
sections  of  this  report.  The  jet-off  point  is  typically  followed  by  a significant  decrease  in 
drag  to  what  is  termed  here  the  low  pressure  ratio  drag  "bucket."  This  decrease  in  drag  is 
attributed  to  a reduction  of  the  flow  expansion  over  the  boattail  as  the  low  pressure 
model  base  region  is  eliminated  by  the  small  nozzle  flows.  This  drag  "bucket"  region  is 
followed  by  a region  dominated  by  entrainment  of  the  flow  over  the  afterbody  by  the  jet 
and  is  characterized  by  an  increase  in  drag  with  NPR.  Acceleration  of  the  entrained 
afterbody  flow  results  in  lower  afterbody  pressure  and  hence  higher  drag.  A peak  jet-on 
drag  point  typically  is  reached  at  or  before  design  pressure  ratio  is  reached  (for 
afterbodies  without  separated  flow)  and  is  followed  by  a decrease  in  drag  with  increasing 
pressure  ratio.  This  latter  region  is  dominated  by  plume  shape  effects.  As  the  plume 
becomes  larger  with  increasing  NPR,  interference  extends  forward,  increasing  the 
pressure  on  the  afterbody  and  thus  decreasing  drag.  Additional  discussions  of  the  general 
nature  of  the  afterbody  drag  curve  may  be  found  in  Refs.  4 and  9. 

In  general,  afterbody  jet  effects  data  available  in  the  literature  have  rather  sparse 
documentation  of  the  drag  curve  in  the  overexpanded  jet  region.  During  this 
investigation,  data  were  recorded  at  small  NPR  intervals  in  this  region  in  an  attempt  to 
obtain  complete  documentation  and  a better  understanding  of  the  effects  of  stings  on  the 
afterbody  drag.  In  obtaining  experimental  data  for  such  a curve,  one  must  exercise  special 
care  if  reliable  jet-off  and  low  pressure  drag  bucket  data  are  to  be  obtained.  For  example, 
experience  has  shown  that  high  pressure  air  control  valves  of  the  size  requiredlo  control  the 
maximum  air  weight  flow  are  inadequate  as  shutoff  valves  for  obtaining  jet-off  data.  Very 
small  amounts  of  leakage  will  invalidate  the  jet-off  points;  therefore,  two  valves  in  series, 
with  a vent  between  them,  were  utilized  to  obtain  the  jet-off  points  for  this  investigation.  A 
further  problem  is  that  the  small  weight  flows  required  to  define  the  drag  bucket  are 
difficult  to  control  with  the  large  control  valves.  A smaller  auxiliary  bypass  system  was 
utilized  during  this  test  to  obtain  these  points. 

i 4.1  EFFECTS  OF  DS/DN 

Experimental  data  are  presented  in  Figs.  12  through  16  for  the  integrated  afterbody 
pressure  drag  to  illustrate  the  effect  of  DS/DN  on  the  afterbody  drag  for  each  nozzle  area 
ratio.  Data  are  presented  for  the  model  at  zero  angle  of  attack  and,  in  general,  for  each 
of  the  Mach  numbers  0.6,  0.9,  and  1.2.  For  each  configuration  the  drag  coefficients  are 
plotted  as  a function  of  jet  total  to  free-stream  static  pressure  ratio  (NPR).  It  may  be 
observed  from  these  figures  that  increasing  sting  diameter  has  large  effects  on  drag  in 
certain  regions  of  drag-versus-NPR  curves. 
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First  of  all  it  should  be  noted  that  drag  coefficients  for  jet-off  points  decrease  with 
increasing  sting  diameter.  This  trend  has  previously  been  documented  experimentally 
(e.g.,  Ref.  3)  and  is  as  expected  since,  as  the  sting  fills  the  base  area,  the  flow  expansion 
on  the  boattail  is  decreased.  For  these  data,  as  Ds/Dn  approaches  1.0  the  jet-off  drag 
level  falls  near  the  same  level  as  the  low  pressure  drag  bucket.  These  trends  indicate  that 
for  this  configuration  use  of  a cylindrical  plume  simulator  equal  to  the  nozzle  exit 
diameter  (Ds/Dn  = 1.0)  to  represent  the  shape  of  the  exhaust  plume  at  design  pressure 
ratio  would  result  in  considerable  error  in  the  prediction  of  afterbody  drag.  The  effect  of 
dummy  sting  diameter  on  jet-off  drag  is  summarized  in  Fig.  17  for  each  of  the  Mach 
numbers.  Symbols  on  this  figure  represent  the  average  of  all  jet-off  points  obtained  at  a 
given  Mach  number  and  sting  diameter  during  this  investigation.  The  brackets  on  each 
symbol  indicate  the  total  variation  in  the  measured  drag  coefficients  at  a particular 
condition. 

A second  point  to  be  observed  in  the  data  is  that  the  minimum  drag  coefficient  in 
the  "drag  bucket"  approaches  a near-constant  value  regardless  of  sting  size  or  area  ratio. 
Conditions  where  the  curve  fairing  does  not  go  through  this  minimum  drag  point  are 
generally  felt  to  be  conditions  where  sufficient  data  were  not  taken  to  accurately  define 
this  region. 

The  effect  of  sting  diameter  on  the  remainder  of  the  overexpanded  jet  region  does 
not  follow  consistent  trends  for  all  area  ratios  and  Mach  numbers.  For  several 
combinations  of  Mach  number  and  area  ratio  (e.g.,  Figs.  13a,  13c,  14a,  14c,  16a,  and 
16c)  the  trend  is  for  drag  to  increase  in  this  region  as  sting  diameter  is  increased.  This  is 
a trend  which  seems  most  feasible  in  a region  dominated  by  jet  entrainment.  However, 
since  there  are  other  data  at  different  Mach  numbers  and  area  ratios  which  exhibit  the 
opposite  trend  (e.g.,  Figs.  19b,  21b.  and  22b)  it  must  be  concluded  that  the  explanation 
of  sting  size  effects  in  this  region  are  complex  and  are  related  not  only  to  the 
entrainment  and  plume  size  but  also  to  Mach  number  and  nozzle  area  ratio. 

In  the  underexpanded  jet  region  the  basic  data  trends  with  sting  diameter  were 
consistent  for  all  conditions  investigated.  For  the  range  of  variables  investigated, 
increasing  sting  diameter  generally  has  the  effect  of  reducing  the  sensitivity  of  the 
afterbody  drag  to  NPR.  Therefore,  as  NPR  is  increased,  the  disagreement  in  drag  between 
a configuration  of  any  given  sting  diameter  and  the  conventional  jet  becomes  larger.  This 
region  of  the  drag  curve  for  conventional  exhaust  plumes  is  typically  dominated  by 
plume  shape  effects,  because  as  plume  size  increases  with  NPR  the  afterbody  experiences 
an  increase  in  pressure  from  plume  blockage,  thus  decreasing  drag.  This  typical  trend  was 
observed  for  the  present  data  except  for  the  largest  sting  (Ds/Dn  = 0.95)  at  all  Mach 
numbers  and  for  the  second  largest  sting  (Ds/Dn  = 0.866)  at  M^  = 1.2.  Drag  data  at  these 
conditions  tend  to  be  relatively  insensitive  to  NPR  at  the  larger  values  but  generally  exhibit 
a slight  increase  with  NPR.  This  indicates  that  entrainment,  not  plume  shape,  is  the 
dominant  influence  on  afterbody  drag. 
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4.2  EFFECTS  OF  A/ A* 

The  data  presented  in  the  previous  section  constitute  a complete  set  of  the  basic 
drag  results  from  this  investigation.  These  results  are  presented  again,  however,  in  Figs.  18 
through  22  to  more  clearly  illustrate  the  effects  of  A/A*  on  afterbody  drag  by  also 
presenting  data  from  various  values  of  A/A*  at  constant  values  of  DS/DN . The  data  from 
the  conventional  jet  configuration  (Fig.  18)  are  seen  generally  to  increase  with  increasing 
A/ A*  at  a given  value  of  NPR.  The  exception  to  this  trend  is  some  crossover  in  the 
overexpanded  jet  region,  particularly  at  =1.2.  For  results  at  pressure  ratios  beyond 
the  maximum  drag  point,  the  data  curves  tend  to  diverge.  The  difference  between  the 
slopes  of  the  curves  indicates  that  as  A/ A*  is  increased  the  sensitivity  of  afterbody  drag 
to  NPR  decreases. 

The  trends  in  the  annular  jet  drag  data  (Figs.  19  through  22)  with  A/A*  are  similar 
to  those  of  the  conventional  jet  when  DS/DN  < 0.707.  For  example,  the  maximum  jet-on 
drag  at  Mach  numbers  0.6  and  0.9  increases  with  increasing  A/A*.  At  DS/DN  = 0.866  the 
data  for  subsonic  Mach  numbers  generally  have  higher  drag  at  the  larger  values  of  A/A*, 
and  in  general  the  drag  curves  become  relatively  flat.  At  M^  = 1.2  for  DS/DN  = 0.866  and 
at  all  Mach  numbers  for  Ds/D>;  = 0.95  the  effects  of  A/A*  were  very  small.  In  general, 
after  the  low  pressure  minimum  drag  point,  the  drag  coefficients  continue  to  increase 
° slightly  with  NPR  over  the  complete  NPR  range  of  this  investigation.  This  indicates  that 
entrainment  is  the  dominant  influence  on  afterbody  drag  for  these  configurations. 

4.3  EFFECTS  OF  ANGLE  OF  ATTACK 

A potential  problem  area  in  utilizing  the  sting-supported  annular  jet  concept  is  the 
effect  the  stings  might  have  on  the  afterbody  drag  with  the  model  at  angle  of  attack.  To 
investigate  this  effect,  selected  configurations  were  tested  at  the  design  pressure  ratio  of 
the  nozzle  over  the  angle-of-attack  range  from  -2  to  6 deg.  The  results  of  this  study  are 
presented  in  Figs.  23  and  24  for  the  nominal  area  ratio  nozzles  of  1.13  and  1.49, 
respectively.  Data  are  presented  for  each  Mach  number  of  this  investigation.  It  should  be 
noted  that  positive  a is  nose  down;  therefore,  the  pressure  orifices  utilized  for  drag 
integration  are  on  the  windward  side  of  the  model  at  positive  angles  of  attack.  Adverse 
angle-of-attack  effects  from  the  sting  must  be  deduced  from  differences  in  slope  of  the 
CDPT  versus  a curves  for  the  different  sting  diameters.  Constant  differences  in  drag 
coefficient  between  conventional  and  annular  jet  configurations  indicate  the  basic  sting 
effect  and  not  adverse  effects  of  angle  of  attack.  The  data  obtained  on  these 
configurations  generally  resulted  in  parallel  curves  for  the  conventional  and  annular  jet 
configurations.  Changes  in  slope  that  were  obtained  do  not  follow  consistent  trends  and 
are  within  the  repeatability  of  the  data.  It  may  be  concluded,  therefore,  from  these  data 
that  there  were  no  significant  adverse  angle-of-attack  effects  caused  by  the  annular  jet 
configurations  at  angles  of  attack  up  to  6 deg. 
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4.4  PLUME  CHARACTERISTICS 

As  was  mentioned  previously,  the  stings  representing  values  of  Ds/Dn  = 0.543  and 
0.866  were  instrumented  with  static  pressure  taps  for  obtaining  plume  diagnostic  pressure 
data.  Representative  data  from  these  sting  pressures,  along  with  schlieren  photographs,  are 
presented  in  Figs.  25  through  28  to  illustrate  various  effects  on  the  plume  characteristics. 
The  effects  of  pressure  ratio  are  presented  in  Fig.  25a  (pressure  coefficient  results)  and 
Fig.  25b  (schlieren  photographs)  for  DS/DN  = 0.543  and  A/A*  = 1.134  at  Nl,,  = 0.9.  The 
classical  periodic  nature  of  the  plumes  is  evident  in  the  sting  pressure  distributions,  where 
the  expansions  and  compressions  of  the  plume  flow  were  measured,  as  well  as  in  the 
schlieren  photographs.  As  NPR  is  increased,  the  increase  in  plume  diameter  is  evident 
from  the  schlieren  photos.  Also,  the  length  of  the  periodic  segments  or  wavelength  of  the 
plume  increases  with  increasing  NPR,  as  is  evident  from  both  the  pressure  data  and 
schlieren  photographs. 

The  lengths  of  the  plume  segments  at  NSPR  2 are  approximately  twice  those  at 
NSPR  1.  This  follows  closely  the  trend  in  the  variation  of  plume  segment  length  with 
NSPR  predicted  by  the  empirical  relation  of  Eq.  (1)  in  Ref.  10  for  conventional  full 
plumes.  The  increase  in  strength  of  the  expansion  and  compression  regions  of  the  plumes 
with  increasing  NSPR  is  not  as  evident  in  the  schlieren  photographs,  but  may  be  seen  in  the 
pressure  data.  The  strength  of  these  regions  is  seen  to  diminish  as  one  moves  down  the  sting. 
Since  the  plume  definition  is  clearer  at  higher  pressure  ratios,  the  remaining  effects  will  be 
presented  primarily  for  NSPR  » 2.0. 

The  effects  of  sting  diameter  on  the  plume  characteristics  are  presented  in  Fig.  26 
for  NSPR  ^ 2.0.  Pressure  data  are  presented  for  the  two  instrumented  stings,  and 
schlieren  photographs  are  presented  for  each  sting  diameter  as  well  as  for  the 
conventional  jet.  Increasing  the  sting  size  resulted  in  shorter  length  plume  segments  and 
large  reductions  in  the  magnitude  of  the  peak  pressures  in  the  expansion  and  compression 
regions.  The  pressure  variations  with  the  large  sting  configuration  become  essentially 
damped  out  after  three  periodic  segments  of  the  plume.  The  smaller  size  and  strength  of 
these  plume  segments  are  apparently  overcome  by  the  mixing  of  the  free-stream  flow  and 
viscous  effects  from  the  flow  along  the  sting.  The  effect  of  nozzle  area  ratio  at  NSPR  « 
2.0  on  the  plume  characteristics  for  DS/DN  = 0.543  is  presented  in  Fig.  27.  These  results 
indicate  an  increase  in  plume  wavelength  with  increasing  A/A*  (or  nozzle  exit  Mach 
number).  A similar  trend  in  wavelength  for  conventional  jets  was  reported  in  Ref.  10. 

All  of  the  plume  characteristics  thus  far  presented  have  been  for  a tree-stream  Mach 
number  of  0.9.  A comparison  of  plume  characteristics  from  each  Mach  number  of  this 
investigation  is  presented  in  Fig.  28.  In  this  figure,  pressure  data  are  presented  at  NSPR 
both  1.0  and  2.0;  however,  schlieren  photographs  are  presented  only  for  the  higher 
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pressure  ratio.  In  terms  of  pressure  coefficient,  these  results  indicate  a decrease  in  the 
strength  of  the  expansion  and  compression  peaks  with  increasing  Mach  number,  as  well  as 
by  more  rapid  damping  of  the  plume  waves.  The  photographic  results  support  the 
conclusions  drawn  from  the  pressure  data  in  that  the  plume  appears  to  diffuse  into  the 
free-stream  flow  more  rapidly  as  Mach  number  increases.  It  is  concluded  from  these 
results  that,  where  comparisons  can  be  made,  the  annular  plume  characteristics  vary  in  a 
fashion  similar  to  conventional  plumes.  This  was  noted  particularly  in  regard  to  the 
variation  of  plume  primary  wavelength  with  NPR  and  with  A/A*  (nozzle  exit  Mach 
number). 


5.0  CORRELATION  OF  RESULTS 

In  many  instances  the  attempts  to  correlate  afterbody  drag  results  have  been 
prompted  by  the  desire  to  match  results  from  hot  and  cold  jet  plume  data.  These  efforts 
have  frequently  involved  such  parameters  as  specific  heat  ratio,  gas  constant,  temperature, 
and  related  parameters.  Since  these  parameters  were  fixed  for  the  present  test  and  since 
the  effects  of  Ds/Dn  may  be  evaluated  at  constant  values  of  A/A*,  the  conventional  type 
correlation  parameters  (incremental  change  in  Prandtl  Meyer  angle,  NSPR  • A/ A*,  etc.), 
which  are  functions  of  these  parameters,  would  provide  no  better  correlation  of  the 
effects  of  sting  diameter  than  does  NPR.  Plume  maximum  diameter  does,  however,  vary 
with  sting  size,  and  following  the  suggestion  of  Ref.  5 the  use  of  this  parameter  for 
correlation  purposes  was  evaluated. 

5.1  CORRELATION  OF  DS/DN  EFFECTS 

An  illustration  of  how  the  plume  shape  varies  with  sting  size  from  an 
underexpanded  jet  is  shown  in  Fig.  29.  These  plume  shapes  were  calculated  by  the 
method  of  characteristics  (MOC)  (Ref.  11)  for  a jet  issuing  into  quiescent  air.  The  results 
shown  are  for  a constant  NSPR  of  2 and  for  a nominal  nozzle  area  ratio  of  1.13.  Results  of 
these  calculations  indicate  that  for  underexpanded  jets  at  the  same  nozzle  area  ratio  and 
pressure  ratio,  annular  nozzles  produce  plumes  of  smaller  maximum  diameter  and  shorter 
longitudinal  period  than  do  conventional  nozzles.  These  changes  vary  uniformly  with 
increasing  sting  size.  Physically,  this  may  be  visualized  by  considering  the  expansion  and 
compression  waves  associated  with  the  jet  plumes.  Since  these  waves  propagate  along 
characteristics,  the  interaction  of  the  waves  with  the  free  stream,  which  determines  the 
shape  of  the  plume  boundary,  is  a function  of  the  distance  the  interior  surface  reflecting  the 
waves  toward  the  plume  boundary  is  located  from  the  longitudinal  axis  of  the  nozzle. 
Compression  waves  tend  to  reduce  the  plume  diameter  by  turning  the  flow  toward  the 
longitudinal  axis  of  the  nozzle,  whereas  expansion  waves  tend  to  increase  the  diameter  by 
turning  the  flow  away.  In  the  case  of  the  annular  nozzle,  the  interior  surface  (i.e.,  the  sting), 
reflecting  the  waves  toward  the  plume  boundary,  is  displaced  from  the  nozzle  longitudinal 
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axis,  causing  the  wave-plume  boundary  interactions  to  occur  over  shorter  axial  distances. 
Thus  both  the  plume  diameter  and  period  are  reduced. 

Schlieren  photographs  obtained  at  = 0.9  were  presented  in  Fig.  26b  for  the  same 
area  ratio  and  sting  diameters  used  for  the  theoretical  plume  shapes  shown  in  Fig.  29. 
Measurements  of  plume  diameter  from  these  schlieren  photographs  are  compared  with 
those  from  the  MOC  calculations  in  Fig.  30.  The  agreement  is  surprisingly  good 
considering  that  the  MOC  calculations  are  for  quiescent  ambient  conditions.  The 
disagreement  at  the  maximum  sting  size  is  in  a region  where  measurements  were  difficult 
to  make  from  the  schlieren  photographs.  It  should  be  remembered  that  the  variation  in 
plume  diameter  with  Ds/Dn  shown  in  these  figures  will  vary  with  NSPR,  with  annular 
and  conventional  nozzle  plumes  both  becoming  cylindrical  and  equivalent  to  the 
nozzle  exit  diameter  at  design  pressure  ratio.  Therefore,  the  extent  to  which  plume  shape 
affects  the  data  would  be  expected  to  increase  as  pressure  ratio  increases  above  the 
design  value.  This  was,  of  course,  the  trend  with  sting  diameter  which  the  data  exhibited 
in  Figs.  12  through  16.  These  results  are  presented  again  in  Figs.  31  through  35  for 
comparison  with  drag  coefficient  as  a function  of  a correlation  pressure  ratio  (NPR1). 
For  selected  configurations  data  are  also  presented  as  a function  of  another  correlation 
pressure  ratio  (NPR3).  Each  of  these  correlation  pressure  ratios  follows  the  methodology 
of  comparing  annular  jet  data  with  conventional  jet  data  at  the  same  maximum  plume 
diameter.  In  these  figures  the  annular  jet  drag  coefficient  data  for  nozzle  pressure  ratios 
greater  than  design  have  been  plotted  at  the  pressure  ratio  of  a conventional  jet  which  would 
be  required  to  produce  the  same  maximum  plume  diameter.  Data  at  pressure  ratios  less  than 
design  have  been  plotted  at  the  actual  pressure  ratios.  The  difference  in  NPR1  and  NPR3 
results  from  the  different  methods  used  for  calculating  maximum  plume  diameter.  NPR1  is 
the  conventional  jet  pressure  ratio  obtained  from  one-dimensional  stream  tube  area 
relationships,  which  corresponds  to  a plume  diameter,  Dmax,  determined  from  the  actual 
annular  jet  pressure  ratio,  NPR.  The  method  of  characteristics,  rather  than  one-dimensional 
flow  equations,  was  used  to  determine  NPR3.  * 

An  illustration  of  the  procedure  for  determining  each  of  the  correlation  pressure  ratios 
for  a given  annular  jet  data  point  is  presented  in  Fig.  36.  In  this  example,  it  is  assumed  that  a 
configuration  having  A/A*  = 1.133  and  Ds/Dn  = 0.707  was  tested  at  a measured  annular  jet 
pressure  ratio  of  9.5.  As  is  demonstrated  by  following  the  arrows  on  each  figure,  this 
pressure  ratio  and  configuration  result  in  the  same  plume  maximum  diameter  as  a 
conventional  nozzle  at  a pressure  ratio  of  6.3  using  NPR1  (Fig.  36a)  or  6.85  using  NPR3 
(Fig.  36b).  Therefore,  a data  point  obtained  at  NPR  = 9.5  would,  for  this  correlation,  be 
plotted  at  NPR1  = 6.3  or  NPR3  = 6.85,  depending  on  which  method  was  chosen  for  the 
correlation. 
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It  should  be  pointed  out  that  to  utilize  the  method  just  described  for  an  actual 
sting-supported  annular  jet,  the  opposite  procedure  would  be  followed.  That  is,  with  a 
given  conventional  jet  NPR  an  annular  jet  NPR  would  be  determined  which  would 
produce  the  same  maximum  plume  diameter.  Curves  similar  to  those  in  Fig.  36b  were 
constructed  by  the  method  of  characteristics  and  used  for  each  case  where  NPR3 
correlations  are  shown.  The  values  of  NPR1  were  computed  for  each  data  value.  As  sting 
size  is  increased,  the  reduced  sensitivity  of  plume  size  to  NPR,  which  may  be  seen  in  Fig. 
36,  coincides  with  the  reduced  sensitivity  of  afterbody  drag  to  NPR,  which  was  discussed 
earlier  (Section  4.1).  These  trends  in  afterbody  drag  and  plume  size  with  NPR  are  the 
basic  reasons  for  attempting  the  correlations  (NPR1  and  NPR3)  shown  in  Figs.  31 
through  35.  As  may  be  seen  in  these  figures,  both  of  these  pressure  ratios  do  reasonably 
well  in  correlating  the  data  in  the  underexpanded  jet  region. 

The  MOC  solution  (NPR3)  is  no  doubt  a preferred  method  for  predicting  actual 
plume  diameter;  however,  there  appears  to  be  no  advantage  in  utilizing  it  over  the 
one-dimensional  solution  (NPR1)  for  purposes  of  correlating  the  drag  results.  This  is 
attributed  to  the  fact  that  what  is  in  effect  used  from  these  plots  (Fig.  36)  is  an 
increment  in  NPR  required  to  adjust  the  annular  data  to  conventional  data  (or  vice 
versa).  This  increment  appears  to  be  reasonably  consistent  between  the  two  methods, 
although  the  actual  plume  diameters  that  the  two  methods  predict  are  considerably 
different,  as  may  be  seen  in  the  example  shown  in  Fig.  36. 

Since  the  one-dimensional  flow  solution  lends  itself  more  readily  to  a quick 
analytical  solution  than  does  the  MOC  technique,  it  was  utilized  for  each  underexpanded 
jet  pressure  ratio  in  this  investigation.  As  may  be  seen  in  Figs.  31  through  35,  the 
maximum  pressure  ratios  obtained  during  this  test  were  not  large  enough  to  correlate 
data  from  the  two  large  sting  configurations  over  a significant  range  of  underexpanded 
pressure  ratios.  The  general  trends  in  drag  with  NPR  for  these  large  sting  configurations 
tend  to  be  relatively  flat  or  slightly  increasing  in  the  underexpanded  jet  region  for  the 
range  of  pressure  ratios  considered.  Additional  testing  would  be  required  on  these  larger 
stings  at  higher  underexpanded  pressure  ratios  to  properly  evaluate  this  correlation 
technique.  The  pressure  ratio  range  of  this  test  was  sufficient,  however,  to  document  the 
jet-on  drag  peak  and  subsequent  drag  decrease  for  the  smaller  stings  (DS/DN  = 0.707  and 
0.543),  and  the  correlation  appears  to  be  adequate  for  the  underexpanded  pressure  ratios 
at  all  Mach  numbers. 

In  addition  to  the  comparison  of  the  two  methods  which  may  be  made  using  the 
data  in  Figs.  31  through  35,  plots  are  presented  in  Fig.  37  which  illustrate  the  degree  to 
which  each  of  the  correlation  methods  was  successful  in  correlating  the  annular  jet  data 
to  the  conventional  jet  results  at  1.5  times  the  design  pressure  ratio.  These  correlations 
indicate  reasonable  results  at  all  Mach  numbers.  The  NPR1  correlation  is  within  35  body 
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drag  counts  for  all  conditions.  There  are  no  apparent  trends  with  A/A*,  and  no  advantage 
is  seen  for  using  NPR3  (MOC  technique)  correlation  over  the  simpler  NPR1  technique.  It 
should  be  noted  that  the  conclusions  drawn  here  for  the  correlation  parameters  are  based 
primarily  upon  data  from  sting  sizes  of  DS/DN  = 0.543  and  0.707,  with  limited  points  at 
small  area  ratios  for  Ds/Dn  = 0.866. 

At  design  pressure  ratio  these  techniques  do  not  provide  any  correlation  for  the  data 
since  the  plume  is  theoretically  cylindrical  and  equal  to  the  nozzle  exit  area  for  both 
annular  and  conventional  jets.  Since  this  is  generally  the  most  important  point  for 
evaluation  of  afterbody  jet  effects,  a comparison  is  presented  in  Fig.  38  of  the  increments 
in  drag  coefficient  at  NSPR  = 1.0  between  the  conventional  and  annular  jet 
configurations.  At  subsonic  Mach  numbers  the  largest  difference  was  approximately  55 
body  drag  counts,  which  would  typically  represent  about  3 aircraft  drag  counts.  At  Mach 
number  1.2,  however,  the  difference  was  significantly  larger,  having  a maximum  of 
approximately  140  body  drag  counts  difference  for  the  largest  sting. 

5.2  CORRELATION  OF  A/A*  EFFECTS 

Data  are  presented  in  Figs.  39  through  43  to  show  the  correlation  of  the  drag  results 
from  configurations  of  different  area  ratios.  The  basic  data,  plotted  as  a function  of  NPR, 
are  presented  in  the  top  plot  in  each  figure  for  reference  purposes.  The  second  plot  in 
each  figure  is  a correlation  of  data  at  underexpanded  jet  pressure  ratios  based  upon 
plume  maximum  diameter  as  determined  by  one-dimensional  flow  relationships  as 
discussed  in  the  preceding  section.  A third  plot  is  included  for  the  conventional  jet  results 
(Fig.  39)  which  is  a similar  attempt  at  correlation  using  the  method  of  characteristics  to 
predict  the  maximum  plume  diameter.  In  each  of  the  two  methods  the  data  have  been- 
correlated  to  the  curve  obtained  for  the  maximum  area  ratio  configuration.  Therefore,  an 
experimental  point  obtained  on  a configuration  which  has  an  area  ratio  less  than 
maximum  (A/A*  « 1.49)  would  be  shifted  to  the  right  on  the  plot  to  the  NPR  for  the 
maximum  A/ A*  which  would  give  the  same  maximum  plume  diameter. 

An  example  of  the  procedure  for  determining  the  correlation  pressure  ratio  NPR2 
for  a data  point  on  a conventional  jet  configuration  having  an  area  ratio  of  1.134  is 
presented  in  Fig.  44.  In  this  example  it  is  assumed  that  a data  point  was  obtained  at  NPR 
= 5.5.  As  may  be  seen  by  following  the  arrows  in  the  figure,  this  results  in  the  same 
plume  maximum  diameter  as  the  A/A*  = 1.490  configuration  has  at  NPR  = 9.2.  Thus,  an 
experimental  point  obtained  at  NPR  = 5.5  would  for  the  correlation  be  plotted  at  NPR2 
= 9.2.  The  decision  to  correlate  the  data  to  the  maximum  value  of  A/A*  was  somewhat 
arbitrary.  The  same  methodology  could  be  used  to  correlate  the  data  to  any  of  the  other 
area  ratios. 
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Each  of  the  correlation  pressure  ratios  is  seen  to  collapse  the  conventional  jet  data  (Fig. 
39)  in  the  underexpanded  jet  region  quite  well.  This  region  is  collapsed  to  a total  drag 
coefficient  band  width  of  approximately  40  body  drag  counts  at  each  of  the  Mach  numbers 
from  an  uncorrelated  maximum  span  of  320  drag  counts.  The  degree  of  correlation  achieved 
by  this  method  indicates  that  plume  diameter  is  the  dominant  influence  on  the  afterbody 
drag  in  this  region. 

The  relationship  of  drag  to  the  conventional  plume  maximum  diameter  is  illustrated 
in  a different  form  in  Fig.  45.  In  this  figure,  crossplots  of  the  drag  from  the  different 
area  ratio  nozzles  (Fig.  39)  at  constant  values  of  NPR  are  presented  as  a function  of 
plume  maximum  diameter  ratioed  to  nozzle  exit  diameter  (Dmax/DN).  These  values  of 
Dmax/DN  were  determined  from  one-dimensional  flow  area  rationships.  Nozzle  pressure 
ratios  of  3,  4,  and  6 are  shown  here  to  illustrate  the  influence  of  plume  diameter  on  a 
region  of  the  drag  curve  which  overlaps  both  overexpanded  and  underexpanded  jet 
pressure  ratios.  The  dashed  line  is  a least  squares  straight  line  fit  of  these  data.  Maximum 
jet-on  drag  occurred  near  NPR  = 3 for  all  area  ratios,  and  thus  represented  the 
approximate  dividing  point  between  the  portion  of  the  drag  curve  dominated  by 
entrainment  effects  (NPR  < 3)  and  that  portion  dominated  by  plume  shape  effects  (NPR 
> 3).  For  these  pressure  ratios  the  data  generally  demonstrate  a consistent  trend  of 
decreasing  afterbody  drag  with  increasing  maximum  plume  diameter  in  both  the 
underexpanded  and  overexpanded  jet  regions.  These  data  fall  within  an  overall  band  of 
approximately  50  body  drag  counts.  The  extent  to  which  the  data  do  not  correlate  may, 
in  addition  to  data  uncertainty,  be  attributed  to  entrainment  effects.  For  example, 
at  M^  = 0.9  there  is  a consistent  trend  of  increasing  drag  with  increasing  NPR  at  constant 
values  of  Dmax/DN-  This  is  a trend  that  would  be  expected  from  entrainment  of  the 
flow  over  the  afterbody  because  of  the  increased  velocity  and  density  of  the  exhaust 
plume  as  pressure  ratio  is  increased.  Extension  of  this  type  correlation  to  pressure  ratios 
below  the  peak  drag  point  (NPR  % 3.0  for  this  case)  is  not  deemed  practical  since  this  is 
the  region  where  entrainment  effects  (i.e.,  increasing  drag  with  increasing  NPR)  are 
predominant.  It  may  be  concluded  from  this  figure  that  the  increase  in  maximum  jet-on 
drag  with  increasing  A/A*  for  the  conventional  jet  results  may  be  correlated  by 
maximum  plume  diameter.  A comparison  of  additional  conventional-type  correlation 
parameters  for  these  data  is  presented  in  Appendix  B. 

Correlation  of  nozzle  area  ratio  effects  for  the  annular  jet  configurations  (Figs.  40 
through  43)  are  presented  only  from  the  one-dimensional  flow  solution  since  no 
advantage  has  been  shown  in  using  the  MOC  solution.  For  values  of  D5/DN  < 0.707 
(Figs.  40  and  41)  the  data  at  all  Mach  numbers  are  correlated  reasonably  well  by  NPR2. 
At  Ds/Dn  = 0.866  the  drag  coefficient  remains  essentially  constant  after  the  peak  jet-on 
drag  is  reached;  therefore,  the  correlation  procedure  does  very  little  to  bring  the  data 
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together.  For  the  largest  sting  size  (DS/DN  = 0.95,  Fig.  43)  there  was  very  little  effect  of 
A/ A*  on  the  basic  data,  and  the  drag  results  generally  continued  to  increase  with  NPR. 
This  trend  indicates  that  entrainment  has  the  dominant  influence  on  afterbody  drag  for 
these  conditions  and,  therefore,  that  use  of  the  plume  shape  parameter  NPR2  tends  to 
force  the  results  apart  at  all  Mach  numbers. 

Plots  of  drag  versus  Dmax/D^  are  presented  in  Figs.  46  through  49  for  each  value 
of  Ds/D\  tested  during  this  investigation.  These  plots  were  generated  by  cross-plotting 
the  data  for  the  different  area  ratio  nozzles  at  constant  values  of  NPR.  As  was  done  for 
the  conventional  nozzle  data  (Fig.  45),  a least  squares  straight  line  fit  through  these  data 
is  represented  by  the  dashed  line.  In  each  case  values  of  NPR  were  chosen  which  would 
show  data  for  both  underexpanded  and  overexpanded  plume  shapes.  These  plots  indicate 
a trend  similar  to  the  conventional  jet  data  (decreasing  drag  coefficient  with  increasing 
plume  diameter)  for  the  majority  of  test  conditions.  The  exceptions  are  for  data  obtained 
at  = 1.2  for  DS/DN  = 0.866  and  at  all  Mach  numbers  for  DS/DN  = 0.95  where,  as 
discussed  previously  (Figs.  42  and  43),  the  data  are  dominated  by  entrainment  of  the 
afterbody  flow  rather  than  by  plume  shape  effects.  The  least  squares  fits  of  the  data 
from  each  of  the  stings  are  compared  with  the  conventional  jet  results  in  Fig.  50.  With 
the  exception  of  the  results  dominated  by  entrainment,  the  agreement  of  the  annular  jet 
results  with  the  conventional  jet  results  is  excellent,  considering  the  fact  that  this  figure 
includes  results  from  various  pressure  ratios,  area  ratios,  and  sting  diameters.  The 
maximum  difference  in  the  least  squares  curve  fits  between  the  conventional  jet  results 
and  the  correlatable  annular  jet  results  at  Dmax/DN  = 1.0  is  approximately  35  body  drag 
counts.  Figure  50  also  serves  to  illustrate  that  there  are  limits  which  vary  with  Mach 
number  and  sting  size  above  which  plume  diameter  does  not  correlate  the  data  near 
design  pressure  ratio.  For  this  afterbody  configuration,  it  may  be  concluded  that  the 
Ds/Dn  = 0.95  configuration  is  too  large  for  proper  correlation  at  all  Mach  numbers  of 
this  investigation  and  the  Ds/Dn  = 0.866  configuration  is  too  large  at  M^  = 1.2. 

The  plots  presented  in  Figs.  45  through  49  may  also  be  used  to  deduce  some  facts 
regarding  the  future  utilization  of  the  annular  jet  concept  in  wind  tunnel  tests.  As  the 
results  presented  thus  far  have  indicated,  simulation  of  a given  conventional  jet  drag  level 
may  be  achieved  within  certain  limits  by  duplicating  the  plume  maximum  diameter.  It  is 
evident  from  these  plots  that  plume  diameter  may  be  changed  either  by  changing  NPR 
for  a given  area  ratio  or  by  changing  area  ratio  at  a given  NPR.  Area  ratio  itself  then 
need  not  be  matched,  as  long  as  the  combination  of  area  ratio  and  NPR  is  such  that  the 
maximum  plume  diameter  is  matched.  In  a test  program  designed  for  obtaining  data  on  a 
given  configuration  using  both  the  conventional  and  annular  jet  techniques  a saving  on' 
hardware  cost  could  be  achieved  by  using  the  same  nozzles  for  both  techniques. 
Introducing  a sting  into  the  conventional  nozzles  would  Increase  the  area  ratio  of  the 
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nozzle,  and  (as  may  be  seen  from  these  plots  to  simulate  a given  plume  diameter  with  a 
higher  area  ratio  nozzle)  a corresponding  higher  NPR  would  be  required.  This  would  be 
possible,  of  course,  only  if  the  model  had  adequate  pressure  capability.  The  same 
principle  may  be  applied  when  a model  must  be  used  with  limited  pressure  capability. 
For  this  case,  although  different  nozzles  would  be  required,  use  of  an  annular  nozzle  with 
a lower  area  ratio  than  the  conventional  nozzle  would  permit  simulation  of  the  plume 
diameter  with  a lower  NPR  than  if  area  ratio  were  matched. 

6.0  CONCLUDING  REMARKS 

A parametric  experimental  program  was  conducted  to  evaluate  the  effectiveness  of 
annular  jets  in  simulating  full  plume  interference  effects  on  afterbody  pressure  drag. 
Results  were  obtained  at  Mach  numbers  0.6,  0.9,  and  1.2  at  a free-stream  Reynolds 
number  of  2.0  x 106  per  foot.  A single  afterbody  model  (15-deg  boattail)  was  utilized  to 
evaluate  the  effects  of  changes  in  sting-to-nozzle  exit  diameter  ratio  from  0 to  0.95  and 
nozzle  area  ratio  from  1.0  to  1.5.  High  pressure  air  at  ambient  temperature  was  used  to 
simulate  the  nozzle  exhaust. 

The  significant  results  and  conclusions  may  be  summarized  as  follows: 

1.  Matching  of  the  exhaust  plume  maximum  diameter  was  found  to  provide  a 
reasonable  afterbody  drag  correlation,  accounting  for  effects  of  annular 
jet,  nozzle  exit- to- throat  area  ratio,  and  nozzle  pressure  ratio  for 
conditions  where  drag  follows  the  classical  trend  indicative  of  a plume 
shape  dependence  (i.e.,  decreasing  drag  with  increasing  pressure  ratio). 

2.  For  the  conditions  of  this  investigation,  data  from  configurations  having 
dummy  sting-to-nozzle  exit  diameter  ratios  equal  to  0.95  at  all  Mach 
numbers  and  equal  to  0.866  at  Mach  number  1.2  followed  a trend  with 
nozzle  pressure  ratio  indicative  primarily  of  entrainment  effects.  Therefore, 
a plume  diameter  correlation  was  not  successful  for  the  pressure  ratios  of 
this  investigation. 

3.  Data  were  correlated  using  both  the  method  of  characteristics  and 
one-dimensional  flow  area  relationships  to  calculate  plume  diameter.  There 
were  no  advantages  found  in  utilizing  the  method  of  characteristics  over 
the  simpler  one-dimensional  solution. 

4.  There  were  no  adverse  effects  of  angle  of  attack  on  the  annular  jet 
configurations  over  the  angle  range  from  -2  to  6 deg. 
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5.  At  Mach  number  0.9  for  a nozzle  static  pressure  ratio  of  2.0  the 
significant  decrease  in  exhaust  plume  diameter  with  increasing  dummy 
sting  diameter  as  measured  from  schlieren  photographs  agreed  closely  with 
predictions  made  by  the  method  of  characteristics  for  plumes  in  quiescent 
air. 


7.0  COMMENTS  ON  DESIGN  REQUIREMENTS  FOR 
ANNULAR  JET  TESTING 


In  designing  the  test  hardware  for  a sting-supported  model  utilizing  the  annular  jet 
concept  there  are  several  factors  which  must  be  considered.  The  ultimate  choice  of 
support  hardware  must  result  from  trade-off  studies  being  made  in  light  of  the  relative 
importance  of  various  parameters  to  the  test  objectives. 

Selection  of  sting  size  is  the  most  critical  design  decision.  From  the  standpoint  of 
plume  simulation,  the  smallest  sting  possible  should  be  selected.  Sting  stress  limits  and 
internal  volume  requirements  for  instrumentation  leads  and  high  pressure  gas 
requirements,  however,  all  run  counter  to  use  of  a minimum  diameter  sting.  In  general, 
the  first  attempt  at  selecting  a sting  size  should  be  guided  by  stress  limits,  based  upon  the 
desired  run  conditions.  It  is  then  appropriate  to  check  whether  the  selected  sting  size  falls 
within  a range  of  sting-to-nozzle  exit  diameter  ratios  that  would  be  expected  to  produce 
reasonable  plume  simulation.  For  sting  sizes  larger  than  desirable,  the  relative  merits  of 
reducing  dynamic  pressure  or  angle  of  attack,  or  perhaps  reducing  wing  span  if  a lifting 
body  is  being  tested  should  be  evaluated  against  the  error  resulting  from  improper  plume 
simulation.  The  following  diagram  illustrates  some  of  the  design  factors  and  therefore 
where  possible  trade-offs  are  involved  in  designing  a sting  for  annular  jet  tests. 
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Recent  sting  designs  for  tests  in  the  Propulsion  Wind  Tunnel  Facility  (PWT)  on 
fighter-type  aircraft  models  indicate  the  feasibility  of  testing  high  closure,  cruise-type 
nozzles  with  sting-to-nozzle  exit  diameter  ratios  on  the  order  of  0.86  at  Reynolds 
numbers  of  approximately  2.2  x 106  per  foot  and  at  angles  of  attack  up  to 
approximately  8 deg.  The  results  of  this  report  indicate  that  adequate  simulation  should 
be  obtained  for  such  a design  at  subsonic  Mach  numbers.  For  larger  nozzle  exit  diameters 
the  same  sting  should  permit  adequate  simulation  at  supersonic  Mach  numbers. 

As  mentioned  previously,  providing  sufficient  space  for  instrumentation  leads  can  be 
a problem.  For  pressure-instrumented  models,  Scanivalves®  mounted  inside  the  model  are 
recommended  to  minimize  the  volume  required  inside  the  sting. 

On  the  basis  of  the  correlation  obtained  in  this  report  it  appears  that  nozzle  area 
ratio  of  the  annular  nozzle  does  not  have  to  match  the  conventional  nozzle  which  it  is  to 
simulate.  By  use  of  a smaller  area  ratio  nozzle  for  the  annular  test,  the  chamber  pressure 
requirements  in  the  model  may  be  lowered  if  model  pressure  limits  are  encountered. 

There  are  two  additional  design  parameters  that  have  not  been  investigated  for  an 
annular  jet  application.  These  are  nozzle  divergence  angle  and  location  of  the  sting  flair 
relative  to  the  annular  nozzle.  In  general,  annular  jet  models  tested  to  date  have 
maintained  the  same  divergence  angle  as  the  conventional  nozzle  which  they  were 
simulating.  Tests  are  being  planned  for  the  PWT  in  the  near  future  to  investigate  the 
influence  of  sting  flair  location  on  the  annular  plume  simulation. 
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TUNNEL 


Figure  1.  Basic  model  dimensions  and  location  in  test  section. 
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Figure  3.  Sketch  of  afterbody  contour  with  surface  coordinates. 
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MODEL  STATIONS  AND  DIMENSIONS  IN  INCHES 


Figure  4.  General  arrangement  of  internal  model  components. 
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Figure  7.  Dimensioned  sketch  of  dummy  stings. 
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Figure  8.  Sting  photograph. 
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Figure  10.  Photograph  with  instrumentation  support 
cable  installed. 
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Figure  11.  Typical  variation  of  afterbody  pressure  drag  with  NPR. 
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Figure  12.  Concluded. 
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Figure  13.  Continued. 
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Figure  14.  Sting  size  effects  on  afterbody  drag, 
A/ A*  * 1.22. 
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Figure  14.  Continued. 
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Figure  15.  Continued. 


AEDC-TR-77-1 04 


STM 

n/H" 

Ds  /Dn 

Q 

1.300 

0.0 

113 

A 

1.310 

0.707 

99 

O 

1.307 

0.866 

132 

00 


NPR 


c.  M„  = 1.2 
Figure  15.  Concluded. 


AE  DC-TR-77-1 04 


TM 

fl/fi- 

Dj/Dn 

O 

1.490 

0.0 

□ 

1.486 

0.542 

A 

1.491 

0.707 

o 

1.500 

0.866 

X 

1.463 

0.949 

a.  M„  = 0.6 

:igure  16.  Sting  size  effects  on  afterbody  drag. 
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Figure  16.  Continued. 
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re  18.  Nozzle  area  ratio  effects  on  afterbody  drag, 
Dt/D  N - 0. 
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Figure  18.  Continued. 
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ire  20.  Nozzle  area  ratio  effects  on  afterbody  drag, 
D./Dn  = 0.707. 
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Figure  20.  Continued. 
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Figure  20.  Concluded. 
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Figure  21 . Nozzle  area  ratio  effects  on  afterbody  drag, 

Ds/Dn  = 0.866. 
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AEDC-TR-77-1 04 


rM 

□ 

x 


fl/n-  Ds/D^ 

1.127  0.950 

1.463  0.949 


52 

60 


AEDC-TR-77-104 


DATE  01-2<*-77  RRO  IMC 
PfiOJ-P32P-MOH 


STM 

r/r r 

Ds/Dn 

□ 

1.127 

0.950 

54 

X 

1.463 

0.949 

62 

b.  = 0.9 
Figure  22.  Continued. 


AEDC-TR-77-104 


STM  H/fl-  Dg  /D,, 

□ 1.127  0.950  56 

X 1.463  0.949  64 


0 2 4 6 8 10  12  14 

NPR 

c.  M„  = 1.2 
Figure  22.  Concluded. 


AEDC-TR-77-104 


AEDC-TR-77-104 


srf 

F/P* 

o»/ol 

o 

I.49C 

0.0 

a 

1 491 

0.707 

X 

1.463 

0 949 

a 


a 


-3.0  -2.0  -1.0  0 1.0  2.0  3.0  4.0  5.0  6.0  7.0 


Figure  24.  Influence  of  the  annular  jet  on  afterbody  drag 
sensitivity  to  angle  of  attack,  A/A*  % 1 .49. 
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a.  Sting  pressure  distributions 
Figure  25.  Nozzle  pressure  ratio  effects  on  exhaust  plume 
characteristics,  DS/DN  = 0.543,  A/A*  = 1.134 
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Figure  25.  Concluded. 
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Figure  26.  Concluded. 
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a.  Sting  pressure  distributions 
Figure  27.  Nozzle  area  ratio  effects  on  exhaust  plume 
characteristics,  Ds/Dn  = 0.543,  NSPR  * 2.0, 
M„  = 0.9. 
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a.  Sting  pressure  distributions,  NSPR  ~ 1.0 
Figure  28.  Free-stream  Mach  number  effects  on  exhaust  plume 
characteristics,  Ds/Dn  = 0.543,  A/ A*  = 1.134. 
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Figure  28.  Continued. 
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Figure  36.  Concluded. 
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Figure  37.  Comparison  of  correlation  methods  at  NSPR  = 1.5. 
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Figure  38.  Comparison  of  drag  coefficient  increments  between 
annular  and  conventional  jet  configurations  at  nozzle 
design  pressure  ratio  (NSPR  = 1.0). 
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Figure  40.  Correlation  of  nozzle  area  ratio  effects  on  afterbody 
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Figure  40.  Continued. 
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Figure  43.  Correlation  of  nozzle  area  ratio  effects  on  afterbody 
drag,  DS/DN  = 0.95. 
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Figure  44.  Illustration  of  procedure  for  determining  the  correlation 
pressure  ratio  NPR2. 
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APPENDIX  A 

AFTERBODY  PRESSURE  DISTRIBUTIONS 

Plots  of  pressure  coefficient  data  are  presented  for  the  top  row  of  pressure  orifices 
(0  = 0).  The  drag  coefficients  from  integrating  these  data  are  included  in  the  plot 
headings  to  illustrate  the  relationship  between  pressure  coefficient  changes  and 
corresponding  drag  coefficient  changes.  Plots  of  pressure  data  are  presented  in  the 
following  order: 

Figure 

A-l.  Effects  of  Nozzle  Pressure  Ratio,  Ds/D\  = 0, 

A/A*  = 1.134 

A-2.  Effects  of  Nozzle  Pressure  Ratio,  DS/'DN  = 0, 

A/ A*  = 1.490 

A-3.  Effects  of  Nozzle  Pressure  Ratio,  Ds/D\  = 0.707, 

A/A*  = 1.133 

A-4.  Effects  of  Nozzle  Pressure  Ratio,  Ds/Dn  = 0.707, 

A/ A*  = 1.491 

A-5.  Effects  of  Sting  to  Nozzle  Exit  Diameter  Ratio. 

A/A*  ~ 1.13,  NSPR  * 1.0 
A-6.  Effects  of  Sting  to  Nozzle  Exit  Diameter  Ratio, 

A/A*  * 1.13,  NSPR  * 2.0 
A-7.  Effects  of  Sting  to  Nozzle  Exit  Diameter  Ratio. 

A/A*  ^ 1.49,  NSPR  ^ 1.0 
A-8.  Effects  of  Sting  to  Nozzle  Exit  Diameter  Ratio. 

A/A*  ^ 1.49,  NSPR  ~ 2.0 

A-9.  Effects  of  Nozzle  Area  Ratio,  Ds/Dn  = 0,  NSPR  = 1.0 

A-10.  Effects  of  Nozzle  Area  Ratio,  Ds/Dn  = 0,  NSPR  = 2.0 

A-ll.  Effects  of  Nozzle  Area  Ratio,  Ds/Dn  = 0.707, 

NSPR  * 1.0 

A-12  Effects  of  Nozzle  Area  Ratio,  Ds/Dn  = 0.707, 

NSPR  * 2.0 

A-13.  Effects  of  Mach  Number,  Ds/Dn  = 0,  A/A*  = 1.134, 

NSPR  ~ 1.0 

A-14.  Effects  of  Mach  Number,  Ds/Dn  = 0,  A/A*  = 1.134, 

NSPR  ~ 2.0 

A-l 5.  Effects  of  Mach  Number,  Ds/Dn  = 0.866,  A/A*  = 1.142, 

NSPR  * 1.0 
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Figure 

A-16.  Effects  of  Mach  Number,  Ds/Dn  = 0.866,  A/A*  = 1.142, 
NSPR  « 2.0 

A- 17.  Effects  of  Angle  of  Attack,  Ds/Dn  = 0,  A/ A*  = 1.49, 
NSPR  « 1.0 

A-18.  Effects  of  Angle  of  Attack,  Ds/Dn  = 0.707,  A/A*  = 1.491, 
NSPR  » 1.0 
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Figure  A-1.  Continued. 
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Figure  A-7.  Concluded. 
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Figure  A-9.  Effects  of  nozzle  area  ratio, 
Ds/Dn  = 0,  IMSPR  * 1.0. 
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Figure  A-9.  Continued. 
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Figure  A-1 1 . Effects  of  nozzle  area  ratio, 
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Figure  A-12.  Effects  of  nozzle  area  ratio, 
D$/Dn  = 0.707,  NSPR  w 2.0. 
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Figure  A-12.  Concluded. 
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Figure  A-13.  Effects  of  Mach  number,  Ds/Dn  = 0, 
A/A*  = 1.134,  NSPR  « 1.0. 
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Figure  A-16.  Effects  of  Mach  number,  D,/DN  = 0.866, 
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Figure  A-18.  Continued. 
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APPENDIX  B 

COMPARISON  OF  CONVENTIONAL  JET  CORRELATION  PARAMETERS 

These  parameters  follow  some  of  the  more  conventional  methods  suggested  in  the 
literature  for  correlation  of  afterbody  drag  data.  Data  are  shown  in  Figs.  B-l  through  B-3 
at  each  Mach  number  as  a function  of  NSPR,  (NSPR)(A/A*),  Av,  and  (ArOfA/A*).  Of 
the  four  parameters  presented  here,  the  best  correlation  is  achieved  by  (Av)(A/A*).  The 
degree  of  correlation  achieved  by  this  parameter  is  similar  to  that  obtained  by  matching 
plume  maximum  diameter,  as  may  be  seen  by  comparing  these  data  with  the  results  in 
Fig.  26. 
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NOMENCLATURE 

A Nozzle  exit  area,  [it 1 4 (D^  - D*)].,  in.2 

A*  Nozzle  throat  area,  [ir/4  (Dj  - D*)],  in.2 

CDPT  Afterbody  pressure  drag  coefficient  in  the  body  axis  from  integration  of  top 
row  of  pressures,  nondimensionalized  by  model  maximum  cross-sectional  area 

Cp  Pressure  coefficient,  (Pg  - PM)/qM 

Dm ax  Plume  maximum  diameter,  in. 

Dm  Nozzle  exit  diameter,  in. 

Ds  Dummy  sting  diameter,  in. 

Dt  Nozzle  throat  diameter,  in. 

L Length  from  face  of  dummy  sting  to  sting  pressure  taps,  in. 

MOC  Method  of  characteristics 

MS  Model  station,  in. 

M Free-stream  Mach  number 

oo 

NPR  Nozzle  total  pressure  to  free-stream  static  pressure  ratio 

NPR1  Correlation  pressure  ratio  for  correlating  annular  jet  afterbody  drag  (Ds/Dn  > 

0)  data  to  conventional  jet  (DS/DN  = 0)  results  using  one-dimensional  flow  area 
relationships 

NPR2  Correlation  pressure  ratio  for  correlating  afterbody  drag  results  from  different 
area  ratio  nozzles  using  one-dimensional  flow  area  relationships 

NPR3  Correlation  pressure  ratio  for  correlating  annular  jet  afterbody  drag  (Ds/Dn  > 
0)  data  to  conventional  jet  (DS/DN  = 0)  results  using  MOC 

NPR4  Correlation  pressure  ratio  for  correlating  afterbody  drag  results  from  different 
area  ratio  nozzles  using  MOC 


f 

AEDC-TR-77-104 

NSPR  Nozzle  exit  static  pressure  to  free-stream  static  pressure  ratio 
Pg  Local  static  pressure,  psfa 

PN/PT  Part  number/test  point 

Free-stream  static  pressure,  psfa 
Free-stream  dynamic  pressure,  psf 

R Afterbody  radius,  in. 

Rn  Nozzle  exit  radius,  in. 

Rp  Exhaust  plume  radius,  in. 

S Length  along  instrumented  sting  from  nozzle  exit  to  last  pressure  tap,  14  in. 

X'  Longitudinal  coordinate  of  afterbody  contour  relative  to  MS  130.471,  in. 

Y Longitudinal  distance  along  dummy  stings  relative  to  nozzle  exit  plane,  in. 

a Model  angle  of  attack,  positive  nose  down,  deg 

Av  Incremental  change  in  Prandtl-Meyer  angle  from  conditions  at  the  nozzle  exit 

to  free-stream  conditions,  deg 

0 Angular  location  of  afterbody  pressure  taps,  deg 
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